This paper describes the design and evaluation of an aerodynamic force balance within ms-order test time. A crossbeam strain gauge force balance, which is compact and easy to extend to multi-component measurement, was developed. The balance was designed to have simple vibration characteristics with simple and high stiffness configuration. An experimental modal analysis method and finite element analysis method were applied to evaluate vibration characteristics of the balance. This balance was used for drag force measurement with a hemisphere model in a free piston shock tunnel with a test time of approximately 1 ms. A signal recovery technique based on frequency domain de-convolution, which improves time resolution of the force measurement is also described. Measured drag force coefficient agreed well with the predicted theoretical value.
Nomenclature N: degree of freedom (Number of vibration mode) t: time !: angular frequency ! 0 ¼ ffiffiffiffiffiffiffiffi k=m p : natural angular frequency without damping ¼ c=2 ffiffiffiffiffiffiffiffi m=k p : damping ratio k: stiffness constant m: inertia constant c: coefficient of viscous damping I: impulse force F x : axial force F z : normal force M y : pitching moment Subscript n: vibration mode number
Introduction
The free piston shock tunnel 1) is a facility to produce high-enthalpy flow on the ground. Although the tunnel test time is short and on the order of ms, a high-stagnation flow condition can be produced, which cannot be simulated in the conventional blow-down type wind tunnel. Since the tunnel test time is short, force measurement is an essential technique. 2) In a conventional wind tunnel, the strain gauge force balance is generally used for force measurement. However, the natural vibration mode of the force balance component, such as model, balance and sting are not damped in the short test period. These vibrations appear in the output signal as oscillation and hinder accurate measurement. Since high-frequency vibration falls in a short time, a balance with high natural frequencies 3, 4) (i.e. a high-stiffness balance) avoids the vibration effect. However, acceleration compensation 5, 6 ) is a popular technique for removing the vibration effect caused by the support structure, such as sting. These methods can improve the balance response time, but are inadequate for test times of 1 ms or less.
To recover the raw fluctuation output from the balance, Sanderson 7) proposed a signal recovery technique based on digital processing. Using a stress wave force balance, the drag force on a cone model was measured successfully in a free piston shock tunnel with a test time of less than 2 ms. The theoretically measurable time using a stress wave force balance is proportional to the length of the stress bar. Hence, this technique is difficult to modify into a multi-component measurement system, because each component measurement requires the necessary stress bar length.
In the present study, a prototype strain gauge force balance was designed. It is compact and easy to extend to multi-component force measurement for ms-order test times. Accounting for the signal recovery procedure, the balance is designed to have high stiffness and simple configuration. The dynamic characteristics of the balance were evaluated by experimental modal analysis 8) and with finite element analysis (FEM). This balance was applied to aerodynamic drag force measurement of a hemisphere model in a free piston shock tunnel HEK. A signal recovery technique based on the frequency de-convolution method was used to remove the natural vibration mode from the measured signal. The drag force obtained in the wind tunnel test is discussed.
Design of Aerodynamic Balance
To recover the signal of the fluctuating output from aerodynamic balance, the frequency response function of the balance system, including model, balance and sting, must be determined by dynamic calibration. If the balance system Ó 2005 The Japan Society for Aeronautical and Space Sciences has in sufficient stiffness, the mechanical vibration frequency will be low. A low vibration frequency may overlap the vibration frequency of the balance support structure, such as the stand. Since signal recovery, described in section 3.4, requires an accurate frequency response of the balance system, a high-stiffness balance system is necessary for a high frequency. Moreover, the poor connection rigidity between the balance and model, or balance and sting causes poor repeatability in calibration tests. If the frequency response function obtained by the calibration test is different to that obtained in the wind tunnel, the signal cannot be recovered correctly. Thus, the balance system should also be mechanically and rigidly connected as much as possible to obtain reliable vibration characteristics. To satisfy these two reads, the prototype balance configuration was designed to be simple with a rigid mechanical junction between each component of the balance system. Figure 1 shows a schematic of the prototype balance. The balance has four probe elements with cross-beam configuration, with a beam square crosssection of 10 mm Â 10 mm. The balance including sting was machined from a single piece of stainless steel (SUS 304) to avoid mechanical junction. In addition, the balance attachment surface to the model was tapered to stiffen the mechanical connection between the model and the balance. The connection was fixed by four screw-bolts and never disassemble during the full experiments, including calibration.
A hemisphere test model made of aluminum was fixed on the balance probe elements. Since the stiffness of the probe elements is high, the minimum strain on the probe elements of the balance was minute and about on the order of a few hundred ". Consequently strain gauge sensitivity limit is a problem in measurement of this minute strain. Piezo-resistive strain gauges (KYOWA KSN-2-120-E4-16: temperature compensated Piezo-resistive film strain gauge) were used instead of conventional metal-film strain gauges. The gauges were cured with epoxy glue (KYOWA EP-34) for 48 hours when fixing with a jig at room temperature. Four strain gauges consisting of Wheatstone bridges, which exciter voltage were 2 Volts. The strain gauges were glued to each probe element as shown in Fig. 1 . The balance basically has low coupling characteristics between each component force. The capacity of the balance was limited by the maximum measurable strain of the strain gauges. A rough estimation showed that the balance capacity was 5,000 N in the axial direction. Output signals from the balance were amplified using signal conditioners (KYOWA CDV-700) and stored in digital memory (sampling rate of 2 ms, maximum memory 2 Mwords) via a 12-bit A/D converter.
Balance Characteristics

Calibration of balance system
The test rig shown in Fig. 2 was used for the static calibration. At calibration, the balance was pulled by steel wire, connected to a winch under the model. To observe the dynamic characteristics of the balance and to obtain the frequency response function for signal recovery, dynamic cal- ibration was conducted with the same rig used in the static calibration. At dynamic calibration, a step input force was given to the balance by cutting the wire. Experience showed that the output signal from the balance depends significantly on the wire cutting process, depending mainly on the cutting skill of the experimenter. Hence, our calibration system avoids problems in cutting. The wire was pulled until it failed spontaneously. The wire, which is made of high-ductile material, shows gradual variation of loaded stress during the cutting process. Since, slow variation of loaded stress cannot cause high-frequency components in the balance system a, brittle material such as stainless-steel wire was used, because it fractures faster.
Experimental modal analysis
For a single-degree-of-freedom system, the equation for free vibration with damping is:
Since IðtÞ is the impulse function, xðtÞ ¼ gðtÞ. gðtÞ is converted to Gð!Þ by a Fourier transform:
Since the measured Gð!Þ obtained by the calibration test was a discrete value including noise, Eq. (2) becomes:
where H ¼ (3) is over-determinant, the least-squares method is applied to obtain x values from:
Consequently, modal parameters can be obtained as follows:
Modal analysis with finite element numerical code
To identify the vibration mode at dynamic calibration, a finite element numerical analysis was performed. Three-dimensional calculation with 2,636 nodes and 1,962 elements for the balance system, including model, balance and sting, were calculated using the MSC-NASTRAN finite element analysis code. In the analysis, the model was fixed at the right and left surfaces of the sting mount surfaces. Figure 3 shows an example of the numerical simulation, showing magnified deformation images of the 1st axial vibration mode of the balance system. Natural vibration mode frequencies of the balance system were predicted as shown in following Table 1 from the analysis. The results show that the balance system has a basically simple vibration mode as designed.
Signal recovery
By assuming the measurement system as linear, the system can be formulated as the following convolution equation:
where x, g, and f are input signal, output signal, and transfer function, respectively. 
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There are two types of de-convolution method: time-series de-convolution, and frequency domain de-convolution. Although the frequency domain method can handle data with periodicity, it was adopted for its convenience in using vibration analysis results and computing speed.
In Eq. (6), the input signal (loaded force f ðtÞ) can be calculated by de-convolution output signal xðtÞ and transfer function gðtÞ are known. Using a Fourier transform, Eq. (6) can be converted into the frequency domain as follows:
where Gð!Þ is the frequency response function obtained from X c ð!Þ and F c ð!Þ, which are Fourier-transformed data obtained by dynamic calibration.
Results and Discussion
Dynamic characteristics of balance
As already mentioned, only the axial force component is discussed in here. Figure 4 shows the trace of the loaded force and output signal from the balance obtained at static calibration. From the results, the relationship between the loaded force and measured signal was 4.585 mV/N/V. The dynamic calibration result is shown in Fig. 5 . Due to wire ductility the loaded force histories f ðtÞ decrease gradually during the wire cutting even when stainless-steel wire was used. Even so, relevant vibration modes with frequencies of less than 5 kHz were excited. To obtain the frequency response function, input and output signals were converted by a discrete Fourier transform to the frequency domain. The obtained frequency response function Gð!Þ is shown in Fig. 6 as a Bode plot. From Gð!Þ the balance has a simple vibration mode with a frequency of 2.719 kHz, although finite element analysis results predicted a main vibration mode in the axial direction of 2.4 kHz. However, no other vibration mode was observed in Gð!Þ, it so we concluded that the 1st axial vibration mode frequency is 2.719 kHz. From the modal parameters in Eq. (5), the relationship between the loaded force and measured signal is 4.675 mV/ N/V, which is reasonable when compared to the static calibration results.
Wind tunnel test
The wind tunnel test was performed in a free piston shock tunnel HEK.
9) The test flow condition was obtained using the non-equilibrium nozzle calculation code NENZF 10) as shown in Table 2 . Figure 7 shows the typical Pitot pressure history of the free stream. At driver gas contamination measurement, 11) driver gas arrival time was estimated as 1 ms under the test condition. Hence, the test time was defined as 1 ms after test flow stant. The raw signal (dotted line) and de-convoluted signal (solid line) of the drag force are shown in Fig. 8 . Although the raw oscillation signal is smoothed by de-convolution, some fluctuation remains. This was caused by minute inconsistencies in mode frequencies between calibration and wind tunnel tests. At axial force measurement the, first 200 to 300 ms of the de-convoluted drag force history appears to be overshoot. The overshoot cause is unclear, because this region was strong effected by the wire cutting calibration initial process. However, it can be explained by the flow initiation process on a blunt body. For comparison with experimental results, the modified Newtonian theory for blunt bodies is also plotted in Fig. 9 , which the shows drag force coefficient. The straight solid line in the figure shows the Newtonian result. Although the experimental data is still noisy, preventing thorough discussion, the modified Newtonian result agrees reasonably well with the experiment.
Conclusions
Experimental modal and finite element analyses proved that the present prototype force balance has high-stiffness as well as simple vibration characteristics as designed. This means that the balance design is suitable for signal recovery based on digital processing. Evaluation testing in a free piston shock tunnel demonstrated that the balance can be applied to force measurement with a short test duration. 
